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Abstract— Ultrasonic transducers and arrays are used 
routinely in a diverse range of applications, including biomedicine, 
non-destructive testing, sonar and process monitoring. This paper 
presents a knowledge based approach for design and optimization 
of complex ultrasonic transducer systems. Examples of the design 
optimization process are illustrated. The first of these relates to 
the implementation of a front face matching layer, designed to 
promote bandwidth and sensitivity in relatively straightforward 
thickness mode applications. This is followed by a multi-layered 
structure comprising different zones of piezoelectric polarisation. 
A mathematical model has been developed and used for simulation 
purposes, with the number and dimensions of the active layers, 
along with passive matching layer information being fed as 
variable parameters for the optimizer. The results are shown to 
compare very favourably with conventional methods and serve to 
demonstrate that the knowledge-based approach is a very efficient 
and attractive alternative. It may be implemented for design and 
optimization of any kind of thickness mode transducer system, 
subject to the availability of an appropriate simulator. 
I. INTRODUCTION 
HE design of ultrasonic transducers and arrays is reliant 
traditionally on practical experience, supplemented by 
performance evaluation via computer modeling. As 
technology requirements have advanced, transducer complexity 
has increased dramatically, making intuitive design very 
difficult. This paper presents a knowledge-based, interactive 
optimizer for transducer and array design. Fig. 1 shows the 
high level overview of the design tool. A rule based expert 
system shell is used to capture expert knowledge and guide the 
design and optimization process. The expert system also forms 
an intelligent front-end for the software program by permitting 
interactive and flexible user dialogue. The design optimization 
is carried out using a genetic algorithm [1,2] based search 
procedure. A number of models have been developed to 
simulate a variety of thickness mode transducer structures, 
including multi-layers incorporating inversion, parallel and 
independent configurations. Each is configured to be directly 
compatible with electronic simulation environments such as 
PSPICE [3], enabling design optimization of signal to noise 
ratio, bandwidth and efficiency, with respect to transducer 
structure and constituent materials. Unlike conventional design 
tools, the transducer model receives input from a variety of 
sources. Fig. 2 shows how the transducer model parameters are 
derived for simulation purposes. 
 
 
II. METHODOLOGY 
A. Advanced Transducer modeling 
Successful, cost effective design of a piezoelectric 
transducer or array can be difficult, for a variety of well 
established reasons. A central part of the current software 
package is a collection of linear transducer models, which are 
capable of simulating the following: 
 -- Complex transducer configurations including composites, 
stacked arrays, and inversion layer (IL) devices 
-- The effects of multiple matching and backing layers 
-- Series, independent and parallel electrical excitation of 
multiple active layered devices  
There are many ways to model ultrasonic transducers, 
ranging from electro-mechanical equivalent circuits, systems 
block diagrams, through to relatively sophisticated finite 
element methods. To illustrate the underlying concepts for the 
current work, a model for an IL Transducer [4-6] was adopted. 
This is a dual layered thickness mode device, with two regions 
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Fig. 1.  Software Overview. 
Fig. 2.  Inputs for the transducer model. 
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of opposite polarisation in the active dimension. Further 
details, using the approach described in [7], are shown in 
Appendix I. 
 
B. Knowledge Based User Interface 
CLIPS [8] an open source, forward chaining expert system 
[9] environment was used to build an intelligent front end for 
the design tool. This knowledge based user interface requests 
information from the user and outputs intermediate and final 
results. Input to the expert system is also acquired from 
additional sources such as materials databases and other device 
simulation programs. A typical expert system has architecture 
as shown in Fig. 3 and integrates a knowledge base that stores 
the encoded problem specific knowledge, and an inference 
engine that implements the reasoning mechanism and controls 
the interview process. 
A rule based knowledge representation was chosen primarily 
because of its similarity to human cognitive process and 
modular nature, which makes it easy to encapsulate knowledge 
and expand the expert system by incremental development. 
Rule based programming allows knowledge to be represented 
as heuristics, or “rules of thumb”, which specify a set of actions 
to be performed for a given situation. A knowledge based 
decision tree paradigm was built to solve the transducer design 
problem. The decision tree is made up of nodes (location in 
tree) and branches (that connect nodes). The node at the top of 
the tree is referred to as the root node and the nodes that have 
no children are referred to as leaf nodes. All the other nodes 
are called decision nodes. A sample representation of the 
design heuristics as a decision tree is shown in Fig. 4 and the 
pseudo-code for solving the decision tree is outlined in 
Appendix II. 
C. Integration with PSPICE 
PSPICE is now an industry standard for circuit simulation. It 
facilitates many forms of analysis in both time and frequency 
and the extensive device library provides a very powerful 
platform for optimization of the transducer electrical interface. 
Matching circuitry can be designed efficiently, in conjunction 
with preamplifier electronics that maximize transducer signal 
to noise ratio. PSPICE can be used to investigate distortions in 
a system as effectively as a spectrum analyser. 
Accordingly, the transducer simulation sections of the 
software were constructed for compatibility with PSPICE. The 
behavioural modeling capability of PSPICE, which allows 
definition of devices in terms of mathematical equations, 
lookup tables and transfer functions, can be used to perform 
noise analysis. 
D. Transducer Design Examples 
Two examples illustrated. To show that the knowledge based 
approach will facilitate a cost effective (in terms of 
manufacturing complexity and cost) solution, a relatively 
straightforward thickness mode design was considered, 
followed by an IL device, intended to promote bandwidth.  
The design specification for the first example was to create a 
400 kHz device, operating into water, with a fractional 
transmission bandwidth greater than 55%. No constraints were 
placed on the electrical interface and mode purity was required 
across the band. The expert system produced a solution for an 
air backed, 70% volume fraction composite (PZT5H/Hardset 
as in Table 1) with a single matching layer, operating directly 
into the water load. The optimizer was then invoked to refine 
the design of the matching layer. For illustration purposes, a 
layer of specific acoustic impedance equivalent to the 
geometric mean of the two media on either side was selected as 
a starting point. The matching layer thickness was set as the 
variable parameter for the optimizer. Equation 1 shows the 
figure of merit used for the optimization. Other cost functions 
or figures of merit can be used, depending on the design 
requirement. 
 
Cost Function = −(fU − fL) *100/fpeak         (1) 
 
Where: 
fU, fL are the upper and lower 3dB frequencies, respectively 
 
Fig. 3.  Expert System Architecture. 
 
Fig. 4.  Example transducer design heuristics. 
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and fpeak is the centre frequency 
Fig. 5 shows the impulse response of the transducer at the 
optimum thickness predicted by the optimizer. The optimizer 
prediction is verified by a slow iterative process of running the 
modeling program with a range of thickness values, starting 
from zero and going up to the transducer thickness in steps of 
0.1mm. Fig. 6 shows the cost function value for different trials. 
To illustrate a more complex transducer configuration, a 
device with a fundamental operating frequency of 500 kHz and 
intended for a non-linear, immersion application, was 
specified. In this case, a strong second harmonic response was 
required, with a –6db degree of flatness across the band. Such 
input is termed as the high level design specification. 
The expert system then conducts an interactive dialogue with 
the user to define the low level design parameters. During this 
interview process the transducer configuration and key 
optimizer parameters are identified. In this particular case, the 
process resulted in an IL, 1-3 composite (PZT-5H/Mediumset 
polymer, 50% Volume Fraction) thickness mode device, with a 
fundamental frequency of 500 kHz. The material database is 
then interrogated queried to help select appropriate material 
properties. An additional ‘in house’ program CompD (based on 
[10]) is used to predict practical parameters useful for 
modeling and manufacture (this includes pitch, thickness, 
acoustic impedance and bulk capacitance).  
At this stage, the expert system recommends a front face 
inversion layer device with one matching layer, with the 
matching layer thickness being the parameter to optimize. 
However, the user can override the recommendation with 
alternative (and/or additional) parameters. 
The materials database is queried again to select a matching 
layer. To start with, a material whose specific acoustic 
impedance is close to the geometric mean of the water load and 
the transducer is chosen and the initial thickness of matching 
layer was λ/4 at 750 kHz 
Once a transducer model and key optimization parameters 
are identified, the optimizer then works within this boundary to 
obtain a best configuration to match the user design 
specification. A genetic algorithm optimization procedure was 
invoked, with the matching layer thickness as the single 
optimizer parameter. In this example, the cost function was 
geared to reduce peaking at the fundamental and second 
harmonic frequencies, to promote a relatively flat response. 
The relative normalized sensitivity for the predicted matching 
layer thickness is shown in Fig. 7. It should be noted that the 
result obtained is not necessarily the optimum configuration, 
due to the constraints placed on the optimization process by the 
knowledge base. Further improvement is usually possible by 
including more key optimization parameters and using a more 
Fig. 6.  Manual optimization around quarter wavelength. 
Fig. 5.  Relative Transmit Sensitivity with matching layer thickness 
predicted by the optimizer. 
 
Fig. 7.  Relative Sensitivity with matching layer thickness predicted 
by the optimizer. 
TABLE I 
TRANSDUCER DESIGN SPECIFICATION 
 Capacitance F 
h33 
V/m 
Dens 
Kg/m3 
Thickness 
Velocity 
m/s 
Transducer 1.879e-7 0.21e10 
 
4317 
 
3743.6 
 
Hardset   2685.3 
 
1767 
 
Mediumset   2364.1 
 
1134 
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complex cost (or fitness) function for the optimization process. 
 
III. CONCLUSION 
The characteristics of an expert system based tool for design 
and optimization of ultrasonic transducers and arrays has been 
presented. Work to date has indicated that such an approach 
provides a fast, efficient and cost effective way to design 
complex transducer systems, provided that appropriately coded 
expert knowledge, the device simulation environment and 
application specific cost functions are available. Future work 
will extend the philosophy to multi-element arrays, with 
particular emphasis on spatial distribution of elements and 
electrical interfacing. This will be reported at a later date. 
APPENDIX I  
  This section details the development of a mathematical 
model for IL transducer. The procedure followed here is the 
same used by Hayward [11] and Estanbouli [6]. Consider that 
the transducer in Fig. 8, positioned between two semi-infinite 
media and assuming that all media are lossless, so they can be 
represented purely by their real acoustic impedances. The 
equations for force and particle displacement in non 
piezoelectric and piezoelectric layers are shown in Equations 
(2) and (3), respectively. 
 
APPENDIX II 
PSEUDOCODE FOR SOLVING DECISION TREE 
Procedure SolveDecisionTree 
Set current tree position to Root Node at the start 
while Current node is a decision node 
do 
Ask question at the current node. 
Store answer to the output file. 
Set current node to the next child node. 
end do 
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Fig. 8.  Front face inversion layer transducer. 
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